Background: JAK JH2s (pseudokinase domains) mediate important regulatory functions; it is unclear whether TYK2 JH2 binds ATP and possesses enzymatic activity. Results: TYK2 JH2 binds ATP, but is catalytically inactive; ATP stabilizes JH2 and modulates TYK2 activity. Conclusion: ATP binding to JH2 is functionally important; the rigid activation loop probably hinders substrate phosphorylation. Significance: The TYK2 JH2 domain can be targeted with ATP-competitive compounds for therapeutics.
JAK (Janus family of cytoplasmic tyrosine kinases) family tyrosine kinase 2 (TYK2) participates in signaling through cytokine receptors involved in immune responses and inflammation. JAKs are characterized by dual kinase domain: a tyrosine kinase domain (JH1) that is preceded by a pseudokinase domain (JH2). The majority of disease-associated mutations in JAKs map to JH2, demonstrating its central regulatory function. JH2s were considered catalytically inactive, but JAK2 JH2 was found to have low autoregulatory catalytic activity. Whether the other JAK JH2s share ATP binding and enzymatic activity has been unclear. Here we report the crystal structure of TYK2 JH2 in complex with adenosine 5-O-(thiotriphosphate) (ATP-␥S) and characterize its nucleotide binding by biochemical and biophysical methods. TYK2 JH2 did not show phosphotransfer activity, but it binds ATP and the nucleotide binding stabilizes the protein without inducing major conformational changes. Mutation of the JH2 ATP-binding pocket increased basal TYK2 phosphorylation and downstream signaling. The overall structural characteristics of TYK2 JH2 resemble JAK2 JH2, but distinct stabilizing molecular interactions around helix ␣AL in the activation loop provide a structural basis for differences in substrate access and catalytic activities among JAK family JH2s. The structural and biochemical data suggest that ATP binding is functionally important for both TYK2 and JAK2 JH2s, whereas the regulatory phosphorylation appears to be a unique property of JAK2. Finally, the co-crystal structure of TYK2 JH2 complexed with a small molecule inhibitor demonstrates that JH2 is accessible to ATP-competitive compounds, which offers novel approaches for targeting cytokine signaling as well as potential therapeutic applications.
TYK2 belongs to the Janus family of cytoplasmic tyrosine kinases (JAK1-3, TYK2) and functions as a critical mediator in signaling for several immunomodulatory cytokines that regulate diverse cellular responses such as viral defense (type I and type III interferons), immunity and inflammation (IL-6, IL-12, IL-22, IL-23, and IL- 26) , and anti-inflammatory responses (IL-10) (1-3). TYK2 associates with the cytoplasmic domains of cytokine receptors, and ligand-induced receptor rearrangement facilitates TYK2 trans-interaction with either JAK1 or JAK2 and phosphorylation of activation loop tyrosine residues 1054/1055 in JH1 (tyrosine kinase domain), leading to its activation and progression of signal transduction (4 -6) . TYK2 deficiencies are associated with susceptibility to viral and bacterial infections, and several TYK2 polymorphisms show strong linkage to autoimmune diseases such as multiple sclerosis, systemic lupus erythematosus, Crohn disease, primary biliary cirrhosis, and type I diabetes (7) . TYK2 polymorphism has also been linked to acute myeloid leukemia, and T cell acute lymphoblastic leukemias have been shown to be TYK2-dependent for survival (8, 9) . TYK2 thus shows characteristics of a suitable drug target, but thus far development of TYK2 specific inhibitors has not been successful.
The tandem kinase domains are the hallmark of JAKs (10) . JH1 is a canonical protein tyrosine kinase domain, whereas JH2 is classified as a pseudokinase domain. The human genome encodes more than 500 protein kinases, and almost 10% of them are predicted to be enzymatically inactive and classified as pseudokinases due to alterations in one or several of the motifs considered to be essential for nucleotide binding or catalysis (11, 12) . The recent availability of pseudokinase crystal struc-* The authors declare that they have no conflicts of interest with the contents of this article. The atomic coordinates and structure factors (codes 5C03 and 5C01) have been deposited in the Protein Data Bank (http://wwpdb.org/).
tures has significantly advanced our understanding of the functions and structure-function relationship of these proteins (13) (14) (15) (16) . Interestingly, almost half of pseudokinases have been found to bind nucleotides, although only a few display catalytic activity, leaving the functional role of nucleotide binding and its determinants largely elusive. The JH2s of JAKs lack aspartic acid in the HRD (His-Arg-Asp) motif of the catalytic loop and have an incomplete Gly-rich loop. Recently, JAK2 JH2 and HER3, which also has a non-canonical substitution at the aspartic acid position in the HRD motif, were shown to bind ATP and retain low catalytic activity, indicating that the lack of Asp can be at least partly compensated for (17, 18) . JH2 has an important regulatory role in JAK kinases, and mutations in JH2 of JAKs have been shown to cause, or be linked to, hematological and immunological diseases. Biochemical data supported by clinical evidence suggest that JH2 possesses both negative as well as positive regulatory function (19, 20) . Deletion of JH2 causes increased basal activity in JAK2 and JAK3 while abrogating cytokine-induced signaling (21) . Clinical JAK2 mutations are presently the best studied example of the negative regulatory function of JH2. The most frequent somatic mutation, V617F, results in constitutively active JAK2 and is responsible for Ͼ95% of polycythemia vera cases and ϳ50% of essential thrombocythemia and primary myelofibrosis cases (22) (23) (24) . The homologous mutations V678F in TYK2 and V658F in JAK1 JH2 also result in a gain-of-function phenotype, suggesting that JH2 plays a similar regulatory function in these JAK kinases (25) . The JAK3 JH2 mutations resulting in defective ␥c receptor signaling and causing severe combined immunodeficiency serve as a clinical example of the potential positive regulatory function of JH2 (26) . Random mutagenesis approaches identified mutations in TYK2 JH2 that abrogate the intrinsic catalytic activity and formation of the high-affinity IFN type I receptor (27) . A similar phenotype is also observed in the autoimmune disease-linked I684S variant of TYK2 (28) .
Recent biochemical and structural data suggests that the pseudokinase domain of JAK2 has low levels of catalytic activity and negatively regulates the activity of the kinase domain (13, 16) . Crystal structures of inhibitor-bound TYK2 JH2 have recently been solved, but its biochemical and nucleotide binding characteristics are still elusive. Several members of the pseudokinase family, including TYK2, are linked to human diseases, which has raised interest toward their therapeutic targeting. Elucidation of the determinants of nucleotide binding and catalytic activity in pseudokinases is of significant relevance in this context as ATP competitive compounds are one of the most rapidly growing class of drugs. Here we have investigated the structure and function of the pseudokinase domain of TYK2, with a focus on the role of nucleotide binding and determinants of catalytic activity.
Experimental Procedures
Protein Purification and Crystallization-TYK2 JH2 (556 -871) was subcloned into a pFastBac HT vector (Invitrogen) with a His 6 tag at the N terminus and a tobacco etch virus protease cleavage site between the His 6 tag and TYK2. TYK2 protein was expressed in baculovirus High Five cells (Invitrogen) grown at 27°C for 72 h in ESF921 insect cell media (Expression Systems). Cells were processed with a Microfluidizer, and the supernatant was loaded on an affinity column containing Talon IMAC beads (Clontech) and eluted with a gradient of 5-500 mM imidazole. The protein was cleaved with recombinant tobacco etch virus at 4°C overnight. The digested protein was desalted into MonoQ buffer (50 mM Tris, pH 7.9, 50 mM NaCl, 1 mM EDTA, 1 mM DTT, and 10% glycerol). The protein was further purified using anion-exchange (MonoQ) and size exclusion (Superdex 200) chromatography. The purified protein was highly homogeneous and was concentrated to 7 mg/ml in the crystallization buffer (25 mM Hepes, pH 7.9, 50 mM NaCl, 2 mM DTT, 1 mM tris(2-carboxyethyl)phosphine, 10% glycerol) before crystallization. TYK2 JH2 was incubated with 2 mM ATP-␥S 3 and 5 mM MgCl 2 , or with 0.1 mM compound, for 1 h on ice before setting up the crystallization tray. The protein was crystallized by mixing with 18 -22% PEG 4000, 0.1 M Tris, pH 8.5, and 200 mM CaCl 2 in a 1:1 ratio. Large single crystals were obtained through microseeding. For data collection, a single crystal was transferred to a cryoprotection solution containing 22% PEG4000, 0.1 M Tris, pH 8.5, 200 mM CaCl 2 , and 25% ethylene glycol, and then frozen in liquid nitrogen.
Data Collection and Structure Solution-X-ray diffraction data sets were collected at synchrotron beamline 5.0.2 at the Advanced Light Source (ALS) (Berkeley, CA), processed using MOSFLM (29) , and scaled using SCALA in CCP4 package. The structure was solved by molecular replacement method using the program PHASER (30) . The resulting density map is of high quality, and the model tracing was carried out in COOT (31) with the aid of ARP/wARP auto tracing. Structure refinement was done with REFMAC5 (32) in the CCP4 package (33) .
Biacore Analysis-Binding affinities were calculated by SPR on a Biacore T-1000 (GE Healthcare). Biotinylated TYK2 JH2 was coupled to immobilized streptavidin on a CM7 sensor chip (GE Healthcare). For kinetic experiments, a flow rate of 50 l/min was used. The running buffer contains 75 mM NaCl, 4 mM MgCl 2 , 2 mM CaCl 2 , 0.05% Tween 20, 2 mM DTT, and 1 mM tris(2-carboxyethyl)phosphine. The concentration of ATP was changed from 300 M to 400 nM. Data were analyzed with the Biacore T-1000 evaluation software, version 2.0 (GE Healthcare).
Differential Scanning Fluorometry Analysis-20 l of 0.5 mg/ml TYK2 JH2 domain (556 -871) was incubated with 1 mM ATP and 5 mM MgCl 2 . 5 l of 100ϫ SYPRO Orange dye was added to the mixture. The fluorescence was measured on a Bio-Rad CFX-96 real time PCR machine, and the temperature was increased from 25 to 95°C with a ramping speed of 1°C/min. SAXS Analysis-Small-angle x-ray scattering (SAXS) data were collected at synchrotron beamline 12.3.1 at the Advanced Light Source (ALS) (Berkeley, CA). The wavelength ϭ 1.0 Å and sample-to-detector distance were set to 1.5 m, resulting in scattering vectors, q, ranging from 0.01 to 0.33 Å Ϫ1 . The scattering vector is defined as q ϭ 4 sin/, where 2 is the scat-tering angle. All experiments were performed at 20°C, and data were processed as described (34) . The experimental SAXS data for different protein concentrations were investigated for aggregation using Guinier plots (35) . The radius of gyration R g was derived by the Guinier approximation I(q) ϭ I(0) exp (Ϫq 2 R g 2 /3) with the limits qR g Ͻ 1.3. The program SCATTER was used to compute the pair-distance distribution functions, P(r) (36) .
ADP Production Assay-ADP production following ATP hydrolysis was measured using the ADP-Glo kinase assay (Promega, Madison, WI). Activity measurements were done following the manufacturer's instructions. Briefly, ADP production was measured in 25-l reaction volumes in 40 mM Tris-Cl (pH 7.5), 20 mM MnCl 2 , and 100 M ATP. Reactions were started by adding 500 or 400 ng of recombinant TYK2 JH2 or JAK2 JH2, respectively, and stopped after 0, 20, 40, or 60 min by adding the ADP-Glo reagent. After the addition of the kinase detection reagent, produced luminescence was compared with results from an ADP/ATP standard curve. Measurements were done in triplicate.
Mant-ATP Binding Assay-Mant-ATP (Jena Biosciences) binding to TYK2 JH2 was measured using a QuantaMaster spectrofluorometer (Photon Technology International) by analyzing FRET between the protein and Mant. Excitation wavelength was 280 nm, while emitted fluorescence was scanned from 300 to 500 nm. For K d determination, increasing concentrations of concentrated Mant-ATP stocks were added to a buffer solution of 20 mM Tris-HCl (pH 8.0), 200 mM NaCl, 10% glycerol, 2 mM DTT, and 2 M recombinant JH2 protein in the presence of 10 mM MgCl 2 . Binding was observed as emitted fluorescence at 440 -450 nm, and the measured fluorescence values were corrected for the primary inner filter effect. The K d value was calculated from quadruplicate measurements using GraphPad Prism 5.02 essentially as described in Ref. 37 .
Plasmids, Transfections, and Western Blots-Human TYK2 cDNA (TYK2 WT) was cloned into the pCINeo vector (Promega) with a C-terminal HA tag. TYK2 K642A and K930R mutations were introduced using QuikChange site-directed mutagenesis (Stratagene) and verified by sequencing. TYK2deficient 11,1 cells and S␤␤ cells (kindly provided by S. Pellegrini) have been described previously (38, 39) , and they were transfected as reported earlier. After 8 h, cells were starved overnight and stimulated with 1000 units/ml IFN-␣ (Pepro-Tech) or 100 units/ml IL-12 (PeproTech) followed by lysis in 50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 100 mM NaF, 10% glycerol, 1% Nonidet P-40, and protease inhibitor cocktail (Roche Applied Science). TYK2 was immunoprecipitated using anti-TYK2antibody(Millipore,cataloguenumber06-638),andphosphorylation was analyzed by Western blotting with anti-phospho-Tyr (4G10, Millipore, catalogue number 05-321). STAT1 phosphorylation was analyzed using anti-pSTAT1 antibody (Cell Signaling, catalogue number 9171L).
Results
ATP Binding to TYK2 JH2 Domain-The binding of ATP to TYK2 JH2 was assessed using multiple analytic methods. We measured the binding kinetics of ATP to TYK2 JH2 using surface plasmon resonance (Biacore). The experiments used recombinant human TYK2 JH2 (556 -871). As shown in Fig.  1A , ATP binds to TYK2 JH2 with a fast-on and fast-off rate and a measured K d of 24 M. We also used a fluorescent methylanthraniloyl ATP analog (Mant-ATP) in a spectrofluorometric assay (37) to confirm the binding of ATP to TYK2 JH2. The results showed a K d of 15 M for Mant-ATP ( Fig. 1B) , which is weaker than the Mant-ATP binding affinity for JAK2 JH2 (K d ϳ1 M) (18).
Next we examined the effect of ATP binding to TYK2 JH2. We used a differential scanning fluorescence assay to study the thermal melting of TYK2 JH2 in the presence and absence of ATP. In this assay, the fluorescent dye SYPRO Orange binds to the hydrophobic regions that are exposed when proteins undergo thermal unfolding, leading to an increase in fluorescence intensity. As shown in Fig. 1C , the apo TYK2 JH2 showed a T m of 44°C. Upon ATP binding, the melting temperature of JH2 increased by 4°C, suggesting that ATP binding stabilizes JH2. To find out whether ATP binding results in conformational changes, we performed SAXS experiments on both apo and ATP-bound JH2s. The scattering profiles of JH2 are virtually identical in the presence and absence of Mg-ATP ( Fig. 1D ) with a calculated radius of gyration (R g ) of 24.2 nm for apo and 24.0 nm in the presence of Mg-ATP. Taken together, these data suggest that ATP binding does not induce major overall conformational change in JH2, but rather stabilizes the domain.
Enzymatic Activity of TYK2 JH2-To address the question whether TYK2 JH2 possesses enzymatic kinase activity, we employed an ADP-Glo kinase assay to compare hydrolysis activity of TYK2 JH2 with JAK2 JH2, which was recently found to be an active, albeit weak kinase (18) . The results show that TYK2 JH2 was able to catalyze ADP production from ATP at rates of ϳ50% of that of JAK2 JH2 ( Fig. 2A) , demonstrating that, despite deviations in its sequence from canonical protein kinases, TYK2 JH2 possesses some residual activity. To further assess the possible kinase activity, we performed in vitro kinase reactions to test for autophosphorylation activity and subjected the purified proteins to mass spectrometry analysis. However, we could not identify any consistent phosphorylation in JH2 (data not shown). Thus, although TYK2 JH2 retains very low ability to hydrolyze ATP, it does not show autophosphorylation and can be considered a catalytically incompetent pseudokinase. In accordance, the regulatory autophosphorylation sites in JAK2 JH2 are not conserved in TYK2 JH2.
Analysis of TYK2 JH2 in IFN␣ and IL-12 Signaling-We were interested to investigate whether the ATP binding capability of TYK2 JH2 is involved in the JH2-mediated regulation of TYK2 activity, as has been earlier reported for JAK2 JH2 (40) . To this end, the catalytic lysine in the ␤3 strand of JH2 was mutated to alanine and the full-length TYK2 harboring the corresponding JH2 K642A mutation was analyzed in IFN␣ and IL-12 signaling. TYK2-deficient 11,1 or S␤␤ cells were transfected with HAtagged TYK2 constructs and analyzed for TYK2 JH1 activation loop phosphorylation by Western blotting. Fig. 2B shows that wild type TYK2 displays a low level of basal phosphorylation of the activation loop tyrosine residues that is readily induced by IFN␣ or IL-12 stimulation. The JH2 K642A mutation increases TYK2 phosphorylation in both unstimulated and IFN␣-stimulated conditions, whereas the JH1 kinase-inactive K930R mutant remains unphosphorylated. The JH2 K642A mutation also results in an increased level of basal STAT1 phosphorylation, suggesting that the ATP-binding pocket of JH2 is regulating not only autophosphorylation of the TYK2 activation loop but also downstream signaling.
Crystal Structure of TYK2 JH2 Bound with a Nucleotide-In parallel, we determined the crystal structure of TYK2 JH2 in complex with an ATP analogue, ATP-␥S, at 1.9 Å resolution ( Table 1 ). The overall structure is practically identical to those of recently reported inhibitor co-crystal structures of TYK2 JH2 (Protein Data Bank (PDB) codes: 3ZON, 4OLI, and 4WOV) (15, 16) . TYK2 JH2 adopts a canonical bilobal protein kinase fold (Fig. 3A) . The N-terminal lobe (N-lobe) is made up of five ␤-strands and one helix (␣C), and the larger C-terminal lobe (C-lobe) comprises mainly ␣-helices. While maintaining the overall structural fold of canonical protein kinases, the structure reveals a few notable non-canonical characteristics at the active site. The most evident difference is in the activation loop, which normally starts from DFG (Asp-Phe-Gly) and ends with APE (Ala-Pro-Glu). TYK2 JH2 presents a shorter activation loop of 17 residues as compared with 25 residues in TYK2 JH1 and 27 residues in phosphorylase kinase (PHK) (PDB code: 2PHK). The activation loop is unphosphorylated, but well ordered, and forms an unusual two-turn ␣-helix (␣AL: residues 769 -775) toward the C terminus. The residues in ␣AL of TYK2 JH2 correspond to the so-called Pϩ1 loop in canonical kinases. This loop forms the substrate-binding groove and allows positioning of the exogenous substrate's Ser/Thr/Tyr residue next to the ␥-phosphate of ATP (Fig. 3B) . The next notable difference in TYK2 JH2 is a longer ␤7-␤8 loop of 9 residues as compared with 4 and 5 residues in TYK2 JH1 and PHK, respectively. The function of this extended loop is unclear.
Similar to canonical protein kinases, ATP-␥S in JH2 binds in the cleft between the N-and C-lobes with the adenine ring forming hydrogen bond interactions to the hinge linker. There are, however, a few distinct differences. The phosphate groups are sandwiched between the glycine-rich loop (G-loop) and the catalytic loop with a signature motif of HGN instead of HRD. A single metal ion coordinates the oxygen atoms from all three phosphate groups of ATP (Fig. 3C) , instead of two metal ions in canonical kinases that coordinate ␣and ␥and ␤and ␥-phosphate groups, respectively. The catalytic lysine Lys 642 (␤3) engages the ␤-phosphate of ATP-␥S and forms a salt bridge with Asp 759 of the DPG motif. The conformation of the HGN catalytic loop in TYK2 JH2 shows hardly any changes compared with the typical HRD loop, with Asn 734 positioning close to the ␥-phosphate group. Thus, despite some critical residue differences, the ATP-binding site of TYK2 JH2 supports all key interactions to accommodate ATP binding, but via a non-canonical binding mode, which is highly similar to that of JAK2 JH2 (13) .
JH2 of TYK2 adopts a closed conformation, with the two lobes closed in on each other and the ␣C helix rotated inward. Such a conformation is regarded as the "active conformation" in canonical protein kinases and is usually maintained by a salt bridge between the catalytic lysine and an invariant acidic residue (Asp/Glu) from ␣C. In TYK2 JH2, however, this interaction is abolished because the acidic residue is replaced by a threonine (Thr 658 ). Instead, TYK2 JH2 exploits two unique interactions to hold the closed domain conformation via ␣C, i.e. Thr 658 (␣C) donating a hydrogen bond to the carbonyl of Gly 761 of the DPG and Tyr 656 (␣C) making a hydrogen bond with Asn 683 (␤5) (Fig. 3D ).
In addition, the structure shows that the extra ␣AL in the activation loop plays an important role for the closed conformation in TYK2 JH2. Residues from the ␣AL bridge to both the G-loop in the N-lobe and helix ␣G in the C-lobe through a network of salt bridges and hydrogen bond interactions (Fig.  3E) . The G-loop and ␣AL are pulled together by a salt bridge between Arg 600 (G-loop) and Glu 771 (␣AL). On the other side, both ends of the helix ␣AL are anchored to the nearby helix ␣G through electrostatic interactions. The N-terminal end of ␣AL is bridged to ␣G through a salt bridge between Glu 824 (␣G) and Arg 769 (␣AL), and the C-terminal end of ␣AL engages in hydrogen bond interactions with Lys 823 (␣G) through the carbonyls of Glu 774 and Ile 776 in ␣AL.
Comparison of JH2 Structures-Comparison with the recently published crystal structures of the JAK1 and JAK2 JH2s (13, 14) shows that TYK2 JH2 adopts a nearly identical fold and many similar structural features. These include the non-canonical ATP binding mode with one metal ion in JAK2 (13) , and in both JAK1 and JAK2 a short activation loop with a helix ␣AL substituting the typical Pϩ1 loop, as well as a closed conformation that is not maintained by the conventional Lys (␤3)-Glu (␣C) salt bridge. Unexpectedly, sequence alignment of all four JAK JH2s (Fig. 4A) and comparison of the three JH2 structures reveal that some of the structural similarities between JAK2 and TYK2 JH2s actually originate from distinct molecular interactions. In the JAK2 JH2 structure (13) , Arg 715 (␣AL) makes a hydrogen-bonding interaction with Thr 555 (G-loop), which keeps JAK2 JH2 in a closed conformation and ready for catalytic activity. Such an interaction is lacking in TYK2 JH2 as the corresponding Arg 775 and Thr 599 are 3.7 Å apart. Instead, ␣AL and the G-loop in TYK2 JH2 are brought together by the Glu 771 (␣AL)-Arg 600 (G-loop) salt bridge, which in JAK2 is substituted with a hydrophobic interaction with the corresponding residues being Ile 771 (␣AL) and Phe 566 (G-loop) (Fig. 4B ). Furthermore, the interactions that link ␣AL and ␣G in TYK2 JH2 are significantly impaired in JAK2 JH2. Although Lys 823 (and thus the interaction with Ile 776 and Glu 774 backbones) of TYK2 JH2 is conserved in all JAK JH2s, neither Glu 824 (␣G) nor Arg 769 (␣AL) in the salt bridge between ␣AL and ␣G is conserved in JAK2 JH2. The corresponding residues in JAK2 are Leu 763 (␣G) and Lys 709 (␣AL). Thus, as a result of the interactions described above (especially the two salt bridges), ␣AL of TYK2 JH2 is not only in the closed conformation but also in a highly stable state that is unlikely to tolerate any conformational changes. The closed ␣C conformation in TYK2 JH2 is further strengthened by two hydrogen bond interactions, neither of which, i.e. Thr 658 (␣C) to Gly 761 (DPG) and Tyr 656 (␣C) to Asn 683 (␤5), is present in the JAK2 JH2 structure.
The two salt bridges between ␣AL-G-loop (Glu 571 -Arg 594 ) and ␣AL-␣G (Arg 749 -Glu 803 ) observed in TYK2 JH2 are also present in the JAK1 JH2 structure (14) , indicating that ␣AL is also probably very stable in JAK1 JH2 (Fig. 4B) . However, the two hydrogen bond interactions between ␣C to DPG and ␤5 in TYK2 JH2 (Fig. 3D ) are absent in JAK1 JH2 because the corresponding residues to Tyr 656 and Thr 658 in ␣C of TYK2 JH2 are Phe 636 and Ala 638 , respectively.
Inhibitor Binding to the ATP Pocket-Because the ATP-binding site in TYK2 JH2 maintains all critical nucleotide binding interac-tions despite sequence differences compared with canonical kinases, we tested whether the ATP pocket in TYK2 JH2 is accessible to an ATP-competitive inhibitor. Using the crystal structure of TYK2 JH2, we performed an in silico screen against an Amgen internal kinase inhibitor library. A panel of compounds was identified as possible TYK2 JH2 binders. One such pyrazine compound showed binding to TYK2 JH2 with a K d of 0.25 M (Fig. 5A) . We co-crystallized this pyrazine compound with TYK2 JH2 and solved the structure to 2.15 Å. The pyrazine compound adopts a U-shape pose in the ATP-binding pocket (Fig. 5B) with the pyrazine nitrogen atom forming a hydrogen bond interaction with the hinge residue Val 690 , reminiscent of the adenosine hinge interaction. The piperidine reaches deep into the ATP-binding pocket, and its nitrogen atom forms a water-mediated hydrogen bond interaction with the gatekeeper residue Thr 687 . The indole group sits underneath the ␤2 strand and is stabilized by an edge-to-face interaction with Pro 694 . The inhibitor-bound co-crystal structure suggests that despite a non-canonical ATP binding mode, the ATP-binding site of TYK2 JH2 maintains the scaffold needed to bind ATP competitive inhibitors. 
Discussion
The structure of TYK2 JH2 shows that its overall structural characteristics closely resemble those of JAK1 and JAK2 JH2. Both structural and biochemical data showed that TYK2 JH2 is able to bind ATP, but we did not detect phosphotransfer activity. The structure and sequence comparison of TYK2 JH2 with JAK2 JH2, a pseudokinase reported to possess catalytic activity, and the recently reported JAK1 JH2, also devoid of phospho-transfer activity, allowed us to inspect the determinants for kinase/pseudokinase catalytic activity.
In canonical kinases, the closed position of helix ␣C presents one of the hallmarks for the active state of a kinase where an invariant Glu residue forms a salt bridge with the catalytic Lys, which also binds to the phosphate groups of ATP. In the three JAK pseudokinases compared here, the invariant Glu is substituted by other residues. Instead, the catalytic Lys finds the Asp in the DPG or DFG motif of the activation loop as an alternative salt bridge partner, as well as binding to a phosphate group of ATP. Thus, the position of ␣C is likely to be less critical for potential catalytic reactions. This is further supported by the structure of ErbB3 pseudokinase in which the ␣C is pushed outward, yet the protein can still catalyze phosphoryl transfer (17) . Another critical residue in the phosphorylation reaction is the catalytic base Asp, which facilitates the phosphoryl transfer in canonical kinases. However, all JAK and ErbB3 pseudokinases have an Asp-to-Asn substitution here, and an alternative phosphoryl transfer pathway has been proposed for ErbB3 that would not require the catalytic base for catalytic activity (17) . Thus, the incompetent catalytic residue features per se do not appear to account for the different catalytic activity of JAK2 and ErbB3 versus TYK2 and JAK1 pseudokinases.
Besides the actual phosphoryl transfer reaction, orientation of the substrate is the first pivotal step in a kinase reaction. The Pϩ1 loop of the activation loop together with helix ␣G provide a platform for the substrate to bind and position the hydroxyl moiety of Ser, Thr, or Tyr close to the ␥-phosphate of ATP. All three JAK JH2s substitute the Pϩ1 loop by a helix ␣AL, which blocks proper positioning of the substrate for catalysis, especially the N-terminal part of the helix ␣AL. To allow the substrate to access the catalytic site, ␣AL is required to make a movement or conformational change. Remarkably, the ␣AL of TYK2 JH2 as well as JAK1 JH2 has two additional salt bridges, which anchor to the nearby ␣G and G-loop, offering ␣AL in TYK2 and JAK1 JH2s superb stability. Both of these salt bridges are lacking in JAK2 JH2. These results suggest that the ␣AL might act as a "substrate gate" in JAK JH2s. Although this substrate gate in TYK2 JH2 as well JAK1 JH2 is tightly closed due to the two salt bridges anchoring the ␣AL at the N-terminal end, the gate is more susceptible to opening in JAK2 JH2, allowing the substrate entrance and thus enabling the catalytic activity of JAK2 JH2. The characteristic of ␣AL in ErbB3 further supports this model where the C-terminal end of ␣AL interacts with ␣G and hydrogen-bonds to the loop ␣F-␣G. Thus, the substrate gate in ErbB3 is largely, if not completely open, and no major conformational changes are required for the substrate to enter.
The structure of TYK2 JH2, as well as its comparison with JAK1 and JAK2 JH2, provides insights into the function of this domain in the regulation of JAK activity and cytokine signaling. The three JH2s share the ATP binding property, and in TYK2 as well as in JAK2 (40), it appears to be required for structural stabilization and supports a conformation that provides regulation for controlled cytokine signaling. The recently reported crystal structure of TYK2 and molecular model of JAK2 pseudokinase-kinase domains suggested an autoinhibitory mechanism for the pseudokinase domain in JAK kinases (16, 41) . The structural stability of JH2 appears to be of critical importance for its allosteric or scaffolding function in maintaining the tyrosine kinase domain in an inactive conformation. In line with these data, ATP binding to TYK2 JH2 increased the thermal stability but did not result in major structural alterations. The increase of T m by 4°C is consistent with the micromolar affinity of ATP. In a previous study of analyzing nucleotide binding properties of pseudokinases, ATP binding was not found to significantly affect the thermal stability of TYK2 JH2 (42) . Such variations could be due to the differences in protein construct design, protein purification procedure, and ATP concentration used in the assay. Our purification procedure was very rigorous to generate pure and homogenous protein for crystallization. We also observed that the T m of TYK2 JH2 increased at ATP concentrations up to 1 mM, whereas in the previous study, a concentration of 200 M ATP was used.
The structure of TYK2 JH2 allows analysis of previously identified clinical and functional mutations. Screening of a TYK2 cDNA library containing randomly mutated JH2 sequences identified four loss-of-function JH2 mutations (V584D, G596V, H669P, and R856G) with different effects on TYK2 (27) . V584D and G596V mutants were able to convey sensitivity to high doses of IFN␣ to TYK2-null cells with slightly elevated basal phosphorylation for V584D and virtually no change in G596V phosphorylation. H669P and R856G, on the other hand, showed no TYK2-mediated signaling but were heavily phosphorylated even in the basal state. Val 584 is located before sheet ␤1 and is an integral part of the hydrophobic core of the ␤-sheet region of the N-lobe, a region that was recently also found to harbor a disease-associated TYK2 variant I684S (␤5-strand). This variant is also competent for IFN␣ signaling, although TYK2 JH1 kinase activity seems impaired (28) . Gly 596 is the first invariant glycine in the G-loop. Given that TYK2 JH2 is able to bind nucleotides, and the importance of the G-loop for nucleotide binding, the reported deleterious effects of the G596V mutation are likely mediated by changes in ATP binding to JH2.
Interestingly, the ␣C helix and its surrounding residues (especially Phe 655 and Tyr 656 ) in TYK2 JH2 are perfectly poised to support structural changes as seen in the V617F mutation in JAK2 JH2. Moreover, the homologous mutation has been shown to lead to constitutive activation in both TYK2 (V678F) and JAK1 (V658F), suggesting a common mechanism of activation for JAK1, JAK2, and TYK2 mutants (25, 43) . These data, together with mutation information from in vivo models, validates systematic analysis of JAK JH2 mutations in human diseases.
In summary, the structure of TYK2 JH2, as well as its comparison with JAK1 and JAK2 JH2, provides novel insights into the function of this domain in the regulation of JAK activity and cytokine signaling. All three JH2s bind ATP, which appears to be required for structural stabilization and controlled cytokine signaling at least in TYK2 and JAK2. Structural comparison with the catalytically active JAK2 and ErbB3 pseudokinases identified the helix ␣AL in the activation loop as a substrate gate that is likely to control substrate binding and thus the catalytic activity in JAK JH2s. Based on this comparative analysis, we could separate the JAK JH2s into catalytically active JAK2 and catalytically incompetent TYK2 and JAK1. The catalytic activity of JAK2 JH2 is low and functions to phosphorylate two regulatory residues involved in JAK2 regulation. These regulatory sites are not conserved in other JAK kinases, and the regulation likely relates to the unique property of JAK2 to mediate signaling as a homodimer (for example, in EpoR, TpoR, and GHR) as compared with the other JAK1 and TYK2 that rely on interaction with another JAK member for signaling. Thus, the determinants for the catalytic activity, and in the case of TYK2 JH2 for catalytic incompetence, appear to rely on three characteristics: low inherent ATP hydrolysis activity, closed rigid substrate gate, and lack of suitable substrate residues.
Key findings of our study are the stabilizing function of ATP for TYK2 JH2 and the druggability of the ATP-binding pocket. The previously reported structures of TYK2 JH2 bound to inhibitor (PDB codes: 3ZON, 4OLI, and 4WOV) are overall very similar to our ATP-and inhibitor-bound structures. Tokarski et al. (44) described a compound that binds the JH2 ATP pocket and specifically inhibits cytokine receptor-induced TYK2 signaling. However, the authors did not detect ATP binding and concluded that the pocket could not accommodate ATP (15) . Our biochemical, calorimetric, and structural results show that TYK2 JH2 binds ATP, which furthermore has an important stabilizing function for the domain and the regulation of TYK2 activity. Thus, ATP competitive compounds may provide means to specifically target TYK2 JH2 in autoimmune and inflammatory diseases. 
